We investigate effects of D-term contributions to the mixed modulus-anomaly mediated supersymmetry breaking scenario. In the original scenario, the tachyonic slepton problem in the pure anomaly mediated supersymmetry breaking is cured by modulus contributions. We generalize the scenario so as to include contributions from the D-terms of U (1) Y and the gauged U (1) B−L which is motivated in a grand unified theory based on a higher rank gauge group such as SO(10). As a consequence of additional D-term contributions to scalar masses, we obtain various soft supersymmetry breaking mass spectra, which are different from those obtained in the conventional mixed modulus-anomaly mediated supersymmetry breaking. Especially, we find that the lightest superpartner (LSP) neutralinos can be various types, such as Higgsino-like, wino-like and bino-like degenerating with the next LSP sfermions.
Introduction
Supersymmetry (SUSY) extension is one of the most promising way to solve the gauge hierarchy problem in the standard model [1] . However, since any superpartners have not been observed in current experiments, SUSY should be broken at low energies. Furthermore, soft SUSY breaking terms are severely constrained to be almost flavor blind and CP invariant. Thus, the SUSY breaking has to be mediated to the visible sector in some clever way not to induce too large CP and flavor violation effects. Some mechanisms to achieve such SUSY breaking mediations have been proposed [2] .
The anomaly mediated supersymmetry breaking (AMSB) [3, 4] is one of the most attractive scenario due to its flavor-blindness and ultraviolet (UV) insensitivity for the resultant soft SUSY breaking terms. Unfortunately, the pure AMSB scenario is obviously excluded, since it predicts slepton squared masses being negative. There have been many attempts to solve this problem by taking into account additional positive contributions to slepton squared masses at tree level [3, 5, 6] or at quantum level [7, 8] . Among them, adding D-terms of the U(1) Y and the (gauged) U(1) B−L may be the most interesting possibility, because these U(1) symmetries are the anomaly-free with respect to the standard model gauge group so that the UV insensitivity is preserved [5] . We can expect such new contributions from the D-terms, if some grand unified theory (GUT) based on a higher rank gauge group such as SO (10) takes place at high energies, which includes new Higgs fields and the gauged U(1) B−L as its subgroup. However, it has been found that this scenario requires a very small tan β [9] to obtain the correct electroweak symmetry breaking. As a result, the top Yukawa coupling blows up far below the GUT scale, and the minimal supersymmetric standard model (MSSM) cannot be simply connecting into SUSY GUTs in the way usually expected.
Recently, Kachru-Kallosh-Linde-Trivedi (KKLT) [10] have proposed a way to stabilize the modulus in string theories with flux compactification. Interestingly, a stabilized modulus can induce additional SUSY breaking contributions comparable to the pure AMSB contributions, so as to solve tachyonic slepton problem. There have already been several studies on the SUSY breaking mediation in this KKLT type setup [11, 12] , the so-called mixed modulusanomaly mediation, and the characteristic sparticle mass spectrum have been obtained.
In this paper, we generalize the mixed modulus-anomaly mediation scenario so as to include the effects of the D-term contributions. Contributions from the mixed modulusanomaly mediation play a role to widen the allowed region of tan β, so that the top Yukawa coupling remains perturbative until the GUT scale and the MSSM can simply connect into GUTs. On the other hand, the D-term contributions change sfermion mass spectrum from the one in the conventional mixed modulus-anomaly mediation scenario. As a result, the sparticle mass spectrum in our scenario can be quite different from the one obtained in the mixed modulus-anomaly mediation scenario or in the AMSB scenario with the D-term contributions.
This paper is organized as follows. In section 2, we briefly review on the KKLT setup. In section 3, we give formulas of the mixed modulus-anomaly mediation including D-term contributions from U(1) Y and U(1) B−L , which are necessary for our numerical analysis. The results of numerical analysis are presented in section 4. The last section is devoted to 1 summary and discussions.
KKLT setup
In this section, we work out in the superconformal framework of supergravity [13] . A modulus superfield T plays a crucial role in the KKLT setup, whose basic Lagrangian is given by
where φ = 1 + θ 2 F φ is the compensating multiplet. Here, the Kähler potential is taken to be the no-scale type,
and the following superpotential is derived in the context of the type IIB string theory [10] ,
where the first term is a constant, and the second term is generated through the SU(N c ) gaugino condensation with coefficients C and a = 8π 2 /N c being real and positive 4 . With these Kähler potential and superpotential, the scalar potential is given by
where W T = ∂W/∂T . This scalar potential has a supersymmetric anti-de Sitter minimum,
with
At the potential minimum, the F -term of the modulus is given by
In order to obtain a de Sitter (or Minkowski) vacuum, the lifting potential due to the presence of the anti-D3 brane is introduced [10] ,
where n is an integer (n = 2 in the original KKLT paper), and D is a constant whose value is tuned so as to realize the de Sitter (or Minkowski) vacuum. At the de Sitter (or Minkowski) vacuum, only ℜ[T ] of T has non-zero vacuum expectation value and the relation
in Eq. (6) still holds. Next, let us introduce the MSSM sector into the modulus Lagrangian. The Kähler potential is replaced to the one including the MSSM matter and Higgs superfields,
For simplicity, we take the minimal Kähler potential for the MSSM superfields, K M SSM = Q † i e 2gaVa Q i , where Q i stands for the MSSM matter and Higgs superfields. Expanding e K/3 , the Kähler potential for the MSSM superfields is described as
For the gauge sector in the MSSM, the kinetic term is of the form,
We take the gauge kinetic function f a = T in the following.
In the above setup, there are two SUSY breaking sources, namely F φ and F T . Non-zero F φ induces soft SUSY breaking terms through the AMSB, and the resultant SUSY breaking mass scale is characterized by m AM SB ∼ F φ /(16π 2 ). On the other hand, as can be easily seen from Eqs. (8) and (9), non-zero F T leads to soft SUSY breaking terms at tree level, the modulus mediation. The resultant SUSY breaking mass scale in the modulus mediation is characterized by
Noting (1) (g GUT denotes the standard model gauge coupling at the GUT scale) and
, we see that this contribution by the moduli mediation is comparable to the one by the AMSB, m AM SB ∼ m modulus . This fact is the key of the mixed modulus-anomaly mediation scenario. According to the method developed in Ref. [14] (see also Ref. [7] ), soft SUSY breaking terms (each gaugino masses M a , sfermion squared masses m 2 i and A-parameters) at the GUT scale (µ = M GUT ≃ 2×10
16 GeV) 5 can be extracted from renormalized gauge kinetic functions and SUSY wave function renormalization coefficients [11] ,
Here, g a (g 1 = g 2 = g 3 = g GUT ) are the gauge couplings, b a are the beta function coefficients, and γ i are the anomalous dimensions which depend on T through the T-dependence of the gauge couplings and Yukawa couplings. Parameters M (typical soft SUSY breaking mass scale) and α are defined as
with the gravitino mass m 3/2 . The results of the pure AMSB is reproduced in the limit α → 0, while the limit α ≫ 1 corresponds to the pure modulus mediation whose contribution to sfermion masses is positive. As discussed above, α = O (1) is expected in the KKLT setup, so that both the AMSB and the moduli mediation give important contributions to resultant soft SUSY breaking parameters.
There are remaining two parameters in the Higgs sector, namely µ and Bµ terms, that are responsible for electroweak symmetry breaking and should be of the order of the electroweak scale. As in the AMSB scenario, the natural value of the B-parameter would be B ∼ m 3/2 ≫ M, and the Higgs sector should be extended in order to achieve the B-parameter being at the electroweak scale. Although some fine-tuning among parameters is necessary, the way to realize µ ∼ B ∼ M have been discussed in Ref. [11] . In our analysis, we treat them as free parameters as usual, that is, µ and Bµ are replaced into two free parameters tan β and sgn(µ), while the value of |µ| is determined by the stationary condition of the Higgs potential. In the next section, we consider to add two D-terms of U(1) Y and U(1) B−L , and hence total set of free parameters in our analysis is
3 Mixed modulus-anomaly mediation including D-terms Now let us introduce the D-terms to the mixed modulus-anomaly mediation. If there exists a U(1) gauge multiplet having a non-zero D-term, the kinetic term of a matter superfield gives
where q i is the U(1) charge of the chiral multiplet Q i . This leads to a shift for the scalar squared mass,
The U(1) symmetry providing the D-term should be anomaly-free in order not to induce quadratic divergence in a theory. As such a U(1) symmetry, there exist two candidates in the MSSM, namely U(1) Y and gauged U(1) B−L . Introduction of this U(1) B−L gauge symmetry is well-motivated, if we assume that the MSSM is embedded into a GUT based on a higher rank gauge group such as SO (10) which includes the gauged U(1) B−L as a subgroup. This possibility is our motivation to consider the D-term in addition to the mixed modulusanomaly mediation. Normally, many extra Higgs fields are involved in such models, and some of them have non-zero vacuum expectation values to break the GUT symmetry at the supersymmetric level. Once soft SUSY breaking terms for these Higgs fields are taken into account, the vacuum would be realized at the point slightly away from the D-flat directions, so that non-zero D-terms are developed. Although it depends on the detailed structure of the Higgs sector, we may naturally expect the scale of the D-term to be D ∼ M 2 . Calculating the anomalous dimensions [11] , all the soft SUSY breaking terms can be obtained from Eq. (11) . Taking U(1) Y and U(1) B−L D-term contributions into account, the soft scalar masses for the first two generations at the GUT scale are explicitly written as
Here, we have defined α Y and α B−L as
and Yukawa couplings of the first two generations have been neglected as a good approximation. For the third generation sfermion masses, Yukawa couplings are involved, 
A-parameters are given by
with explicit formulas of the anomalous dimensions,
Also, the Higgs soft masses at the GUT scale are given by
The Higgs mass parameters, µ-term and Bµ-term, are determined from the electroweak symmetry breaking conditions,
In numerical analysis presented in the next section, we found that the condition to provide the correct electroweak symmetry breaking gives the most severe constraint on the parameter space (α, α Y , α B−L ), rather than that to provide non-tachyonic sfermion masses m 2 f > 0. Finally, we give the explicit formulas of the gaugino masses at the GUT scale,
Inputting the soft SUSY breaking terms expressed above at the GUT scale as the boundary conditions, the soft SUSY breaking terms at the electroweak scale are obtained through the renormalization group equations (RGEs). In the next section, we show the resultant soft SUSY breaking mass spectrum for various inputs of M, α, α Y and α B−L with a given tan β.
Numerical results
Now we are ready to perform a numerical evaluation by using the formulas presented in the previous sections. With given tan β and the parameter set (α, α Y , α B−L ), we input the formulas for soft SUSY breaking terms at the GUT scale, and then evolve them according to the one-loop RGEs [15] . In our analysis, we take an averaged soft SUSY breaking mass scale as M S = 500 GeV and evaluate all the soft SUSY breaking parameters at this scale. As examples, we investigate the cases of tan β = 10 and tan β = 45 with the unified gauge coupling constant α 
for tan β = 10 and
for tan β = 45, respectively. First, we examine the allowed region of the parameter space (α, α Y , α B−L ) for given tan β = 10 and 45 and M = 500 GeV. Soft mass spectrum for various inputs in the range of 0 ≤ α ≤ 6 and −10 ≤ α Y , α B−L ≤ 10 are calculated in every 0.5 intervals. The allowed parameter sets of (α, α Y ) and (α, α B−L ) are plotted in Fig. 1 and 2 , for which resultant sfermion squared masses are all positive and the electroweak symmetry breaking is correctly achieved. In both tan β = 10 and 45 cases, the allowed region is severely constrained for α 2.5 mainly due to the condition for the correct electroweak symmetry breaking. Especially, for a large tan β, the soft mass squared of the down-type Higgs doublet is likely to be m H 1 m H 2 < 0, so that it becomes difficult to achieve the correct electroweak symmetry breaking.
In Tables 1 and 2 , we show some example data of the resultant sparticle mass spectrum and Higgs boson masses for sgn(µ) > 0. Here, the standard model-like Higgs boson mass is evaluated by including one-loop corrections through top and scalar top quarks,
which is important to push up the Higgs boson mass so as to satisfy the LEP II experimental bound, m h 114 GeV. As can be understood from the RGEs and the soft SUSY breaking parameters at the GUT scale presented in the previous section, the resultant soft SUSY breaking parameters are proportional to M. Thus, as we take M larger with fixed (α, α Y , α B−L ), sparticles become heavier and, accordingly, Higgs boson masses become larger In the first column in Table 1 , the LSP neutralino is wino-like as the same as in the pure AMSB scenario, while bino-like in the other columns. In the last two columns, the LSP neutralino well degenerates with the next LSP sfermion. Depending on values of α Y and α B−L , stau or stop can be the next LSP. This shows remarkable effects due to the D-term contributions.
The LSP neutralino is a good candidate for the dark matter in cosmology [16] . For small tan β, if the LSP neutralino is bino-like, its annihilation processes are dominated by p-wave, and are not so effective that the neutralino relic density tends to over-close the present universe. If the LSP neutralino well degenerates with the next LSP sfermions, its co-annihilation process with the next LSP plays an important role to make neutralino annihilation processes effective. Our results show that this case is possible due to the effects of the D-term contributions on the sfermion masses.
In the first two columns in Table 2 , the lightest neutralino is Higgsino-like, while binolike in the last two columns. For α 3, we found that the LSP is stau and this region is cosmologically disfavored. Light Higgs boson masses shown in the Table indicate that, in the case of large tan β and small α, it is difficult to achieve the correct electroweak symmetry breaking.
Summary and discussion
We have extended the mixed modulus-anomaly mediation so as to include D-term contributions from U(1) Y and U(1) B−L . Such D-term contributions can generically be expected when we consider some grand unified theory based on a higher rank gauge group such as SO (10) . We have evaluated soft SUSY breaking terms and obtained various sparticle mass spectra for various input values of (α, α Y , α B−L ), that are different from those obtained in the conventional mixed modulus-anomaly mediation. Especially, we have found that the LSP neutralino can be various types such as wino-like, Higgsino-like and bino-like. In addition, stau or stop can be the next LSP with degenerate masses with bino-like neutralino due to the D-term contributions. This indicates that the co-annihilation channel can be opened up, when we consider the dark matter physics for the bino-like LSP neutralino. Evaluating the dark matter relic density in our scenario is an interesting subject. We leave this for future works.
Non-zero D-term of U(1) B−L has further phenomenological importance, that is, new flavor violating effects can be generated through it. In the presence of the D-term of U(1) B−L , offdiagonal elements of the slepton mass squared matrix can be generated [17] ,
where Y ν is the neutrino Dirac Yukawa coupling matrix. Depending on the Yukawa coupling matrix and the value of D B−L , the lepton flavor violating (LFV) processes may be sizable. The off-diagonal elements can also be induced by RGEs through the neutrino Yukawa coupling as usually discussed [18] . Taking these contributions all together, analyzing the LFV processes in our scenario is worth investigating. In this analysis, concrete information about neutrino Yukawa coupling is necessary [19] .
[19] For an analysis of LFV processes by using concrete Yukawa coupling matrices predicted in the minimal SUSY SO(10) GUT with minimal supergravity mediation, see, for example, T. Fukuyama, T. Kikuchi and N. Okada, Phys. Rev. D 68, 033012 (2003) [arXiv:hep-ph/0304190]. 
